Understanding of informational processes in the brain promises significant advances for communications and computing, as well as fundamental insights relevant for complex biological, ecological and social systems. Recent advances in neuroscience indicate that the collective organization of simple neurons is of primary significance for informational processes such as cognition, abstraction and thinking. However, detailed information about such organization currently may not be practically obtained. We describe a mathematical framework that will allow obtaining such information with existing light microscopy probes and genetic tools by compiling and representing large collections of neural connectivity probes as a system of mathematical constraints on the neural circuit architecture. In particular, we
Main Text
The problem of acquiring detailed and complete structure of neural circuits in the brain is one of the fundamental challenges of neuroscience. Detailed understanding of the structure of such circuits undoubtedly will be one of the necessary conditions for understanding how organization of simple information processing units, i.e. neurons, in the brain may lead to higher cognitive functions that we observe in animals. This point becomes ever more apparent as growing amount of evidence indicates the importance of collective behavior of neurons in neural circuits for computation in the brain 1-3 . Such collective dynamics is intimately coupled with the structure of the underlying circuits. Furthermore, detailed knowledge of neural connectivity is essential for planning, executing and properly interpreting the results of many loss-of-function and electrophysiology studies of organization of neural circuits 4, 5 , as well as for analytic studies of neural circuits' structure and function 6, 7 .
Ability to routinely produce detailed and complete reconstructions of neural circuits would be of great service to systems neuroscience. Even in the simplest model organisms, such as C. Elegans, ability to extract neural circuits routinely, under different conditions and in small amount of time would be invaluable. For example, C. Elegans is one of the workhorses of modern systems neuroscience with variety of interesting behavior patterns and excellent genetic and imaging tools developed for studying neural origins of behavior.
By reconstructing a number of circuit instances in C. Elegans, one may be able to directly observe conserved and variable structures in its nervous system and understand their significance for behavior. Likewise, by reconstructing the circuit in different C. Elegans mutants, one may be able to search for signatures of behavior anomalies in the circuit structure, etc.
Unfortunately, until now no satisfactory solution for this challenge exists. The only method with proven potential to produce the structure of the neural circuits down to the level of individual synapses simultaneously for all neurons is the serial section Electron Microscopy (ssEM). The only reconstruction of a complete circuit in existence was produced in this way -i.e. the circuit of about 300 neurons and 6000 synapses in C. Elegans
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Unfortunately, this technique is extremely labor intensive, slow and vulnerable to errors:
the abovementioned circuit in C. Elegans took over a decade to complete, and yet its recent revision led to changes of nearly 10% of synapses affecting as many as 40% of neurons
8, 9
Even amid significant and rapid developments in automation of ssEM analysis 12-15 , the prospects for applications of ssEM in large circuits remain uncertain.
In the past few years, however, dramatic advances have occurred in the fields of fluorescent light microscopy and genetic manipulations that are now posed to change the landscape of the possibilities for neural circuit reconstructions [16] [17] [18] [19] [20] [21] [22] [23] [24] . Specifically, few recently described light microscopy techniques, such as mapping of circuits with light-gated ion channel weak measurements may be efficiently combined allowing to systematically deduce the set of possible circuit configurations and even identify its structure exactly.
In this framework we assume that the circuit's structure may be described in terms of certain units and connectivity among them in a way that would remain sufficiently invariant, or stereotypical, from animal to animal. The circuit units may be individual neurons, but also they could correspond to genetically or functionally defined neuronal populations, etc. Essential to our framework will be the assumption that such different units in the probed circuit are the same and identifiable from animal to animal. In simpler organisms, such as C. Elegans, different neurons are known to be identifiable. In larger animals, however, such identification of neurons or their populations will require novel genetic, imaging and computational techniques. The notion of connectivity here will be also understood broadly. This may be simple enumeration of the counts of distinct synapses between different units, quantification of the strengths of electric coupling via EPSP amplitude, or correlations between units' activities, etc. In all these cases, the formalism described below will be applicable. The aim of our deduction, therefore, will be the matrix of such connection strengths between all units in the neural circuit, understood in the above "stereotypical" way. This proposed genetic construct is illustrated in Figure 1A .
For our purposes it is important that by combining Brainbow and GRASP, Cre/loxP system will lead neurons to express pre-and post-synaptic split-GFP parts of GRASP stochastically in different neurons. Whenever two such neurons form a synapse, a GRASP puncta will also be formed and may be detected with light microscope. This will allow evaluating the total count of GRASP puncta per given GRASP expression pattern.
Assuming that identities of the neurons expressing GRASP in each animal may be also determined, we claim that these two pieces of information -counts of GRASP puncta and corresponding expression patterns -will allow recovery of full "stereotypical" connectivity in C. Elegans neural circuit. We should note also that another measure of connectivity may be used with GRASP, namely the total fluorescence strength of all GRASP puncta. Such total fluorescence would correspond to the size of all synapses targeted in each animal with GRASP. The formalism described below will be equally applicable in either case, although in the latter case the connectivity deduced will be in terms of the sizes of synaptic junctions between different cells, as opposed to the counts of distinct synapses in the former case. For clarity, we will talk below exclusively about GRASP puncta counts while keeping in mind applicability of developed formalism for such other kind of measurements.
To understand how complete connectivity may be extracted from such measurements, we first observe that in the described settings the count of GRASP puncta Q on average is
Here N s is the total count of all synapses in the entire circuit, and f=0.5 is the probability for one neuron to express GRASP in one trial. Now, let us assume that the connection between some neurons A and B is much stronger than on average for the circuit.
Then, whenever neurons A and B express GRASP simultaneously, the count of GRASP puncta in such trials will be on average higher than 2 f N s . Likewise, whenever either neuron A or B do not express GRASP, the count of puncta will be on average lower than 2 f N s . In this way, the information about full connectivity in the circuit gets encoded in the fluctuations of Q in relation to the changes in GRASP expression patterns. In fact, the count of distinct synapses between any two neurons A and B may be found in the described settings simply from the triggered-averages of Q as follows
Here
are triggered-averages of Q given that A and B simultaneously express GRASP, neither A nor B express GRASP, A but not B expresses GRASP, and B but not A expresses GRASP, respectively. Although Eq. (1) is straightforward and computationally simple to implement, it is not practical requiring a huge number of trials before convergence (Figure 2A and C) . Here we only discuss it to illustrate the principle behind encoding of information in Brainbow + GRASP.
In practice, connectivity in a circuit may be estimated from far smaller collection of measurements by employing more sophisticated data analysis. We formulate the computational reconstruction problem for Brainbow + GRASP by observing that puncta counts Q in each trial may be viewed as linear constraints on the connectivity matrix C
Here 
will continuously converge to the exact connectivity matrix C as the number of available measurements M is increased until the exact matrix C is recovered when
( ) . Important feature of such deduction is that it may be performed from constraints (3b) of almost any form, i.e. it is absolutely not required here that the sets PRE(i) and POST(i) are produced stochastically.
According to the above analysis, complete circuit in C. Elegans should be possible to recover from 000 , 20 000
Brainbow + GRASP measurements. To test whether such reconstructions indeed may be performed as described, we develop a detailed computational model for such experiment and test our approach in-silico using actual wiring data for C. Elegans available from ssEM 8 .
Using actual connectivity data from C. Elegans, we explicitly test how well circuit structure may be extracted with Brainbow + GRASP and how many trials may be necessary. We additionally consider a number of noise factors that may be present in real-life experiment. Stochasticity of the expression patterns is not a required feature of this approach. On the contrary, nearly arbitrary set of expression patterns may be used to recover connectivity from Eqs.(3). We must also specifically point out that the ability to target individual or small groups of neurons, e.g. with UAS/Gal4, is not required. In particular, we showed that with broadly targeted connectivity probes one is able to effectively constrain the circuit in 
